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ABSTRACT. Hybrid perovskite crystals with organic and inorganic structural components are 
able to combine desirable properties from both classes of materials. Electronic interactions 
between the anionic inorganic framework and functional organic cations (such as chromophores 
or semiconductors) can give rise to unusual photophysical properties. Cyanine dyes are a well-
known class of cationic organic dyes with high extinction coefficients and tunable absorption 
maxima all over the visible and near-infrared spectrum. Here we present the synthesis and 
characterization of an original one-dimensional hybrid perovskite composed of NIR-absorbing 
cyanine cations and polyanionic lead halide chains. This first demonstration of a cyanine-
perovskite hybrid material is paving the way to a new class of compounds with great potential 
for applications in photonic devices. 
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Organic-inorganic hybrid perovskites (OIHPs) are currently receiving tremendous attention due 
to their exceptional photophysical and electronic properties leading to outstanding performance 
in, for example, solar cells, and light-emitting devices.1–3 The most well-known representative of 
this family of compounds is methylammonium lead iodide (CH3NH3PbI3) which adopts a three-
dimensional (3D) perovskite crystal structure.4 Remarkable improvements of perovskite solar 
cell efficiencies (reaching > 20%) have recently been achieved by fine-tuning the nature of the 
cations incorporated into the lead halide framework.5,6 In a 3D perovskite crystal structure, the 
useable organic cations are strongly limited because of spatial constraints given by 
Goldschmidt’s rule.7 Specifically for lead halide perovskites, cations must be smaller than ≈ 2.6 
Å in diameter in order to fit into the octahedral voids within the inorganic network, which 
imposes a limit of no more than three non-hydrogen atoms on the organic cations.8 
When larger organic cations are employed, it is possible to form low-dimensional OIHP 
structures in which the connectivity of the inorganic network is reduced to two-dimensional (2D) 
sheets, one-dimensional (1D) chains, or zero-dimensional (0D) clusters.8–10 Most organic cations 
in these systems are alkylammonium derivatives with large bandgaps which impact on the 
properties of the hybrid material indirectly by serving as templating agents, thereby determining 
the connectivity and spacing of the inorganic construct.11–14 or by contributing to orientational 
polarization.15,16 In contrast to this, there is also the possibility of incorporating functional 
organic cations which can directly influence the characteristics of the resulting OIHP. Low-
bandgap organic chromophores can contribute to the optical properties of the hybrid crystal as 
strong light absorbers and their molecular orbital levels allow for synergistic interactions with 
the inorganic component by electron or energy transfer processes. Chromophores investigated 
for this purpose involve derivatives of tetrathiafulvalene,17,18 oligothiophene,19 methylviologen,20 
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tropylium,21 and naphthalene diimide,22 which give hybrid materials with interesting features 
such as semiconducting behavior,17,18 room temperature photo- and electroluminescence,19,23 
charge-transfer transitions21,24,25 and panchromatic absorption,21,22 making these compounds 
interesting candidates for various photonic applications.10 
Cyanine dyes are a class of organic chromophores with excellent light-absorbing properties,26 
which have not been explored as ingredients for hybrid perovskites so far. They are well known 
for their chemical diversity, tunable absorption wavelengths all over the visible and near-infrared 
(NIR) spectrum and adjustable redox levels.27 Furthermore, they are iminium cations in their 
native state and do not require functionalization with cationic moieties, as most other organic 
chromophores would. 
This work presents the synthesis and characterization of an original 1D hybrid perovskite in 
which NIR-active heptamethine cations are incorporated in an inorganic network of infinite 
chains of face-sharing lead iodide octahedra. The structure of this compound as its DMF solvate 
was elucidated using X-ray crystal structure analysis. It was characterized by 13C CP-MAS solid 
state NMR spectroscopy and its light–absorbing properties were evaluated using diffuse 
reflectance spectroscopy. 
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Figure 1. Crystal structure packing of Cy7PbI3·2DMF. (a) Crystal packing viewed along the c–
axis. (b) View of one stack of cyanine cations arranged along a [PbI3
–]n chain. Hydrogen atoms 
omitted for clarity. 
Cy7PbI3 was synthesized in 93% yield by layering an acetone solution containing the cyanine 
iodide salt Cy7I (1.15 eq), PbI2 (1.00 eq), and NaI (1.50 eq) with diethyl ether. The molecular 
formula of the product (C34H40ClN2PbI3) was confirmed by elemental analysis. Many procedures 
for the synthesis of lead halide OIHPs, especially those involving ammonium cations, utilize 
halic acids both to ensure protonation of the organic amine and to provide an excess of the 
halide, which is required for the growth of the lead halide network.21,22 For the synthesis of 
Cy7PbI3, strongly acidic conditions were avoided to prevent protonation of the cyanine 
chromophore. Solutions containing only the precursors Cy7I and PbI2 in a 1:1 stoichiometric 
ratio, however, did not yield any hybrid crystals. Crystallization of the product was found to 
occur only in the presence of an excess of iodide, which was provided by the addition of NaI.20 
Additionally, the solvate Cy7PbI3·2DMF could be obtained in 60% yield by slow evaporation of 
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a solution containing Cy7I (1.10 eq), PbI2 (1.00 eq) and NaI (1.00 eq) in DMF, or, in the case of 
single crystal growth, by the addition of one more equivalent of Cy7I in lieu of the NaI. 
X-ray single-crystal structure determination revealed that both precursors co-crystallized into a 
monoclinic hybrid crystal (Cy7PbI3·2DMF) with the general formula 
(C34H40ClN2
+)n[PbI3
–]n·2n(DMF) in the space group P21/c. The inorganic component forms 
polyanionic [PbI3
–]n chains of face-sharing octahedra running parallel to the c-axis, with the 
cyanine cations and solvent molecules dispersed between them. The asymmetric unit consists of 
one cyanine cation Cy7+, one [PbI3]
– segment of the polyanionic chain and two molecules of 
DMF (Supporting Information Fig. S1). 
The packing of the crystal structure viewed along the c-axis is shown in Fig. 1a. Each [PbI3
–]n 
chain is surrounded by four neighbor columnar stacks of cyanine cations running parallel to the 
chain and two stacks of DMF molecules. Two of the cation stacks have a side-on approach to an 
anionic chain and are of themselves inclined in a slightly interpenetrating chevron pattern, while 
the other two make an end-on approach. Each stack of cations therefore has two anionic chains 
as nearest neighbors. Within each column of cyanine cations, the interplanar separation of the 
polymethine planes of adjacent cations is 3.98 Å. The arrangement of one stack of cations along 
a [PbI3
–]n chain is shown in Fig. 1b. Although columnar arrangement of the dye cations in certain 
cases allows for the formation of spectroscopic J-aggregates,28 closer analysis of the excitonic 
couplings opposes this assignment as will be explained below. 
Unfortunately, the crystal structure of the ansolvate Cy7PbI3 could not be determined, as no 
suitable crystals could be grown.  
Powder X-ray diffraction (PXRD) analysis confirmed that no unreacted precursors Cy7I or 
PbI2 were present in the product Cy7PbI3 (Fig. 2a–c). The diffraction pattern of the freshly 
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filtered powder of the solvate Cy7PbI3·2DMF (Fig. 2d) agreed with the simulated pattern derived 
from the single crystal structure analysis (Supporting Information Fig. S2). After eight hours in 
air, however, the diffraction pattern of the same sample had changed (Fig. 2e). It showed broad 
peaks at the same 2θ positions as those obtained in the diffractogram of Cy7PbI3, indicating the 
loss of DMF and conversion into the solvent-free structure. Also, it was found that after the 
release of DMF, the residual solid produced a 13C CP-MAS NMR spectrum which was identical 
with that of Cy7PbI3 obtained from acetone/ether (Supporting Information Fig. S5). 
 
Figure 2. Powder X-ray diffraction patterns. (a) PbI2. (b) Cy7I. (c) Cy7PbI3 crystallized from 
acetone/Et2O. (d) Cy7PbI3·2DMF crystallized from DMF, freshly filtered. (e) Sample d after 8 
hours in air at room temperature. 
In order to evaluate the optical absorption properties of hybrid compound Cy7PbI3 and its 
solvate Cy7PbI3·2DMF in comparison with the iodide salt of the cyanine dye Cy7I, the diffuse 
reflectance spectra of powdered crystalline samples dispersed in a BaSO4 matrix were recorded 
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and, by applying a remission function, a spectrum proportional to the absorption coefficient was 
obtained (Fig. 3). 
 
Figure 3. Absorption and emission spectra. Solid lines: absorption spectra obtained from diffuse 
reflectance spectroscopy. The absorption of Cy7PbI3 (red) and its solvate Cy7PbI3·2DMF 
(purple) is shown in comparison to the iodide salt of the cyanine chromophore Cy7I (blue). 
Dashed lines: Uncorrected photoluminescence emission spectra obtained at 808 nm laser 
excitation of Cy7PbI3 (red) and Cy7I (blue) crystalline powders. 
The spectrum of pristine Cy7I crystals shows a sharp peak at 766 nm together with a shoulder 
at 698 nm and 980 nm, respectively. It should be noted, though, that care has to be applied when 
interpreting diffuse reflectance spectra since braying of organic crystals in BaSO4, may destroy 
the crystals and manifest monomer like absorption of adsorbates on the reflective matrix. A 
striking broadening of the spectrum from 820 nm to 1000 nm is observed for the Cy7PbI3·2DMF 
crystals revealing strong coupling between the chromophores in the crystalline state. Using the 
extended dipole model, positive exciton coupling energies of Jintra= 100 cm
-1 were obtained 
between adjacent molecules in the stack (Fig. 1b and Fig. S9) meaning that the linear stacks 
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alone cannot account for the red-shifted absorption band. Instead, it appears that the dominating 
exciton interaction between translationally non-equivalent molecules in different stacks oriented 
in a chevron fashion (Jinter= 216 cm
-1, Fig. 1a and Fig. S9a) is responsible for the spectral 
broadening and, in particular, for the red-shifted band. The same features of peak broadening on 
both the low and high energy side of the monomer peak have been observed for Cy7PbI3, 
indicating that the ansolvate presents similar chromophore packing. A considerably weaker 
exciton interaction is obtained for Cy7I crystals (Jintra= 116 cm
-1, Jinter= 105 cm
-1, Fig. S9b), 
corroborating smaller absorption bandwidth with respect to Cy7PbI3. The lower intensity 
features of Cy7PbI3·2DMF and Cy7PbI3 in the UV and visible range from 300 nm to 520 nm 
comprise contributions from both iodoplumbate and the cyanine chromophore. The main band at 
400 nm has been clearly identified as the lowest energy excitonic peak of the one-dimensional 
[PbI3
–]n chain,
29,30 while the absorption features at shorter wavelength have been assigned to 
direct band-to-band transitions.25 Interestingly, there are further absorption bands above 400 nm 
that cannot directly be attributed to the iodoplumbate chain, nor to the pure cyanine solid. In 
other hybrid crystals with one-dimensional [PbI3
–]n chains and high-bandgap conjugated organic 
cations, charge transfer transitions from the inorganic semiconductor to the organic cation were 
proposed to explain absorption features at wavelengths above the exciton band at 400 nm.25,31 
The photoluminescence spectra (PL) of the Cy7PbI3 and Cy7I crystalline powders were 
recorded using 808 nm laser excitation and right-angle detection and the emission spectra are 
given in Fig. 3. Both samples showed NIR light emission in the 900–1500 nm spectral region. 
The hybrid crystals showed an emission peak at 1035 nm with a bandwidth at half maximum 
(FWHM) of about 1300 cm-1 and a rather featureless spectrum. On the other hand, the PL of 
Cy7I crystals peaked at a shorter wavelength of 1000 nm and presented vibronic shoulders as 
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well as a larger FWHM of 1520 cm-1. The clear differences observed in the PL are related to the 
molecular packing of the chromophores, thus leading to marked differences in coupling. 
 
Figure 4. Density of States (DOS) of the hybrid perovskite crystal calculated by density 
functional theory. The total DOS as well as the partial DOS (PDOS) for different orbital 
contributions are given, and the Fermi level is indicated by a vertical dashed line. 
In order to test the hypothesis of charge transfer, electronic structure calculations were carried 
out using density functional calculations (DFT) with the PBEsol exchange-correlation functional, 
as implemented in the Vienna Ab initio Simulation Package (VASP),32,33 and all atoms of the 
unit cell of the crystal structure (420 atoms). Figure 4 displays the calculated density of states 
(DOS) decomposed into partial and total density of states. As confirmed by the partial charge 
density at the band edges (Figure S8), the orbital contribution to the valence band stems 
Page 10 of 21
ACS Paragon Plus Environment
The Journal of Physical Chemistry Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 11
primarily from I5p orbitals of the [PbI3
–]n chain, while the conduction band is dominated by C2p 
orbitals from the chromophore. From Figure 4 it can be inferred that several empty bands with 
energy higher than the conduction band are based on C2p orbital contributions from the 
chromophores. The latter may indeed be involved in charge transfer transitions from the 
iodoplumbate chains to the cyanine chromophore.  
In conclusion, organic-inorganic hybrid crystals consisting of one-dimensional iodoplumbate 
chains and near-infrared absorbing cyanine dye cations have been synthesized and characterized 
structurally and optically. The latter form one-dimensional molecular stacks with strong exciton 
coupling of the chromophores within and between the stacks leading to a significantly broadened 
absorption spectrum in the near infrared domain up to 1000 nm. Due to the low bandgap of the 
organic semiconductor, several charge transfer bands are observed with transition energies well 
below the excitonic peak of the [PbI3
–]n chains. The latter are corroborated by density functional 
calculations using the full unit cell contents. These attributes promise interesting photophysical 
processes34 with applications in photo refractivity, non-linear optics and optoelectronics.35 Two 
possible implementations of such a hybrid material may be put forward to substantiate 
optoelectronic applications. Light-emitting devices may benefit from high charge mobility in the 
inorganic chains, while light emission from the organic chromophores occurs via energy transfer 
from the [PbI3
–]n chains to the cyanine stacks. Photodiodes based on photoinduced charge 
transfer between inorganic chains and organic stacks could be used in detectors. 
Photoconductivity would be driven by high mobility carriers in the lead iodide chains while the 
choice of organic dyes incorporated in the hybrid structure would allow tunable spectral 
sensitivity. 
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Supporting Information.  
Experimental details and Supporting Figures (PDF), 
Crystallographic data for Cy7PbI3·2DMF (SG1602.cif), 
NMR raw data (Cy7PbI3_NMR raw data.zip). 
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Figure 1. Crystal structure packing of Cy7PbI3  ·2DMF.  a, Crystal packing viewed along the c–axis. b, view 
of one stack of cyanine cations arranged along a [PbI3–]n chain. Hydrogen atoms omitted for clarity.  
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Figure 2. Powder X-ray diffraction patterns. (a) PbI2. (b) Cy7I. (c) Cy7PbI3 crystallized from acetone/Et2O. 
(d) Cy7PbI3·2DMF crystallized from DMF, freshly filtered. (e) Sample d after 8 hours in air at room 
temperature.  
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Figure 3. Absorption and emission spectra. Solid lines: absorption spectra obtained from diffuse reflectance 
spectroscopy. The absorption of Cy7PbI3 (red) and its solvate Cy7PbI3·2DMF (purple) is shown in 
comparison to the iodide salt of the cyanine chromophore Cy7I (blue). Dashed lines: Uncorrected 
photoluminescence emission spectra obtained at 808 nm laser excitation of Cy7PbI3 (red) and Cy7I (blue) 
crystalline powders.  
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Figure 4. Density of States (DOS) of Cy7PbI3·2DMF calculated by density functional theory. The total DOS as 
well as the partial DOS (PDOS) for different orbital contributions are given, and the Fermi level is indicated 
by a vertical dashed line.  
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